This paper investigates optimal price and quality decisions of a manufacturer-retailer supply chain under demand uncertainty, in which players are both risk-averse decision makers. The manufacturer determines the wholesale price and quality of the product, and the retailer determines the retail price. By means of game theory, we employ the constant absolute risk aversion (CARA) function to analyze two different supply chain structures, that is, manufacturer Stackelberg model (MS) and retailer Stackelberg model (RS). We then analyze the results to explore the effects of risk aversion of the manufacturer and the retailer upon the equilibrium decisions. Our results imply that both the risk aversion of the manufacturer and the retailer play an important role in the price and quality decisions. We find that, in general, in MS and RS models, the optimal wholesale price and quality decrease with the risk aversion of the manufacturer but increase with the risk aversion of the retailer, while the retail price decreases with the risk aversion of the manufacturer as well as the retailer. We also examine the impact of quality cost coefficient on the optimal decisions. Finally, numerical examples are presented to illustrate the different degree of effects of players' risk aversion on equilibrium results and to compare results in different models considered.
Introduction
Over the last couple of decades, the business environment has evolved to be increasingly complex that is characterized by high uncertainty and rapid and frequent changes. Any disruption in one firm can rapidly result in a significant adversary impact on the entire chain [1] . The demand uncertainty brings risk to the firm and influences its performance. For example, in the past two years due to weak demand and ambitious overexpansion, the domestic sports product enterprises in China have suffered from excessive inventory and have closed thousands of outlets to cope with the risk. Their business performance showed a relatively large degree of decline; for example, Li Ning suffered a net loss of $318.78 million for 2012 and its revenue declined 24.5 percent yearon-year to $1.09 billion.
The traditional assumption of risk-neutrality seems to be largely invalid for contemporary supply chain management. When facing random demand, the supply chain members, who are subject to financial risk, will be more concerned with the risk associated with demand uncertainties. The risk attitude of the firm towards demand uncertainty may significantly affect the decisions of supply chain members, such as pricing, production, purchasing, and quality or service investment. For example, Li Ning gave more wholesale discounts to his distributors and the retailer sold products at a discount under demand uncertainty. A risk-averse firm, who makes expensive quality investment decisions, faces uncertain demand potential and may not build adequate quality improvement. Further, different decision makers may have different degrees of risk aversion. How to incorporate individual's risk aversion into an applicable and implementable decision framework is definitely important. Motivated by the real business practice, in this paper, we analyze the optimal decisions of risk-averse players via the constant absolute risk aversion (CARA) utility function.
The CARA utility function is frequently used in risk management literature to assess various risks surrounding firms; the function also can be used in a specific operation research problem to derive quantitative solutions under uncertainty 2 Mathematical Problems in Engineering [2] . The CARA utility function in operations management has been applied to a number of different situations [2] [3] [4] [5] [6] [7] , in which the CARA function is employed to describe riskaverse behaviors of decision makers. Using the approach of CARA, we can obtain players' optimal decisions and capture the impact of risk aversion behavior.
Quality is one of the key competitive factors; research on quality improvement has been explored in various management issues [8] [9] [10] [11] [12] . However, these studies have been largely limited to risk-neutral decision makers. The literature dealing with both pricing and quality investment for riskaversion players is sparse, with the exception of Xie et al. [13] . They investigated the impact of various supply chain strategies and risk-averse behaviors of the players on quality investment and price decision in a supplier-manufacturer supply chain with uncertain demand. They only illustrated the impact of the manufacturer's risk tolerance on players' equilibrium decisions. They assumed exogenous wholesale price and showed that the utility of the supplier becomes negative when the manufacturer becomes less risk-averse. As such, when the manufacturer is risk-neutral, the supplier will not participate in production, which, nevertheless, does not correspond to reality. The reason for the above problems is that the wholesale price remains unchanged even if the supplier improves quality.
Unlike Xie et al. [13] , we consider that the wholesale price is endogenous as most literature [10, 11, [14] [15] [16] did. The upstream manufacturer (supplier) invests in quality improvement in order to increase the attractiveness and value of the product. Undoubtedly, producing a higher quality product incurs more costs to the manufacturer. Using the wholesale price as a decision variable provides the manufacturer with an additional tool, with which to recuperate the quality investment costs and to counteract the vagaries of demand uncertainty, in accordance with the standard tenets of microeconomic theory [17] . Therefore, we do not restrict the manufacturer's decision process to simply improving the quality at a fixed wholesale price. Instead, the manufacturer decides the wholesale price and quality investment that optimizes the expected profit. We develop two Stackelberg game-theoretic analyses for the modified model and intend to get better insights into the effects of risk aversion of players on the optimal price and quality decisions. The results we obtain from this analysis differ significantly from the original and some new interesting managerial implications are proposed.
In this paper, we derive the optimal price and quality decisions of a manufacturer-retailer supply chain under demand uncertainty, in which players are both risk-averse decision makers, and examine how risk aversion affects the equilibrium results. Our analytical results reveal the following findings. (i) In general, in manufacturer Stackelberg model (MS) and retailer Stackelberg model (RS), the optimal wholesale price and quality decrease with the risk aversion of the manufacturer but increase with the risk aversion of the retailer, while the retail price decreases with the risk aversion of the manufacturer as well as the retailer. (ii) The results indicate that the wholesale price, quality, and retail price all decrease with the quality cost coefficient. (iii) The two players' risk aversion has different degree of effects on the equilibrium results. The risk aversion of the manufacturer has a greater impact on quality, wholesale price, and the utilities of the manufacturer than that of the retailer, while the risk aversion of the retailer has a greater impact on the utilities of the retailer than that of the manufacturer. Moreover, it is interesting that their risk aversion has comparable effects on the retail price, demand, and the total utilities.
The remainder of the paper is organized as follows. The related literature is reviewed in Section 2 and then key assumptions and the general model are presented in Section 3. Section 4 investigates the optimal quality and price decisions of two Stackelberg models and analyzes the effects of risk aversion of players on the optimal decisions. In Section 5, we present a numerical study to verify the results in Section 4 and to illustrate some related issues. The paper concludes with Section 6.
Literature Review
Our model is related to three recent streams of papers in the operations management literature: price and quality decision, risk management, and channel structure.
Price and Quality Decision.
Many papers examined price and quality decision problems. The majority of these studies focused on the effect of supply chain contract, competition, and cooperation among the channels on the price and quality decision [8] [9] [10] [11] [12] . Banker et al. [8] developed a model of oligopolistic competition to investigate whether equilibrium levels of quality increase as competition intensifies. Gurnani et al. [18] studied the effect of the timing of price commitment decisions on the investment decisions and on the profits for the supplier and buyer with quality-effort dependent demand. Matsubayashi [9] considered a price and quality competition between two firms and analyzed the effect of differentiation and vertical integration in terms of the welfare of both firms and consumers. Xu [11] studied a joint pricing and product quality decision problem in a manufacturer-retailer relationship and showed that marginal revenue function is closely related to the distribution channel structures (directsell channel and indirect-sell channel).
It should be mentioned that, in the above papers, price and quality problems are studied under the assumption that all supply chain members are risk neutral. Being different from them, we investigate how the price and quality decisions are affected by the risk aversion of players.
Risk Management.
Risk attitude has an important impact on supply chain members' decisions [1, 3, 19, 20] . Tsay [20] analyzed how risk sensitivity affects both sides of the manufacturer-retailer relationship under various scenarios of strategic power and how these dynamics are altered by a return policy and found that the penalty for ignoring risk sensitivity can be substantial. Gan et al. [21] investigated how a supply chain involving a risk-neutral supplier and a downside-risk-averse retailer can be coordinated with a supply contract. Xiao and Yang [4] developed a price-service competition model of two supply chains to investigate the effects of the retailers' risk sensitivity on the players' optimal strategies, where each supply chain consists of one riskneutral supplier and one risk-averse retailer. They did not concern the manufacturers' risk sensitivity, which is mainly studied in our model. Wu et al. [1] studied a supply contract model in a risk-averse environment with a conditional valueat-risk objective function and investigated the impact of risk aversion on the manufacturer's optimal decisions. Arcelus et al. [22] evaluated the pricing and ordering policies of a retailer, facing a price-dependent stochastic demand, within a newsvendor framework, under different degrees of risk tolerance and under a variety of optimizing objectives. Li et al. [23] studied the equilibrium contract strategies of two risk averse suppliers and two risk-neutral retailers. They focused on the impact of competition intensity and risk aversion on attitudes of the suppliers' contract choices. Xu et al. [24] investigated channel coordination for two-echelon fashion supply chain with risk-averse retailer and price-dependent demand.
In the above papers, the authors considered either the upstream firms or the downstream firms are risk averse in two-echelon supply chain or within a newsvendor framework. However, in reality, it is more reasonable that the upstream firms as well as the downstream firms are riskaverse decision makers under demand uncertainty. The risk aversion of one firm may not only affect its own decision but also affect the decisions of its supply chain members. Choi et al. [25] carried out a mean-variance analysis for a twoechelon supply chain under a returns policy. They studied both the cases with centralized and decentralized supply chains and illustrated how a returns policy can be applied for managing the supply chains to address the channel coordination and risk control. Xiao and Choi [26] developed a model of a two-echelon system consisting of two manufacturers and two retailers, where all players are risk averse. They explored the effects of risk sensitivity, pricing power, and purchasing option of the retailer on the channel structure strategies and wholesale prices of the manufacturers. Although the two papers above considered both the upstream firms and the downstream firms risk-averse in two-echelon supply chain, they are different from ours because we derive the optimal price and quality decisions under manufacturer Stackelberg and retailer Stackelberg structures with risk-averse players and investigate the respective effects of risk aversion of the manufacturer and retailer on equilibrium decisions and the channel structure strategies.
Channel Structure.
Many researchers have examined the issues of supply chain channel structures. Choi [27] studied three noncooperative games of different power structures between the two manufacturers and the retailer, that is, two Stackelberg and one Nash game, and investigated the effect of cost differences on equilibrium prices and profits. Dong et al. [28] developed a game theoretic channel model of a manufacturer and a retailer under the two channel relationship structures and studied the impact of ER on purchase quantity, price, and the distribution of profits in three cases. Wu [14] examined the price and service level decision of a manufacturer-retailer supply chain in four channel strategies. Tang et al. [29] derived and compared the equilibrium price and service of a service supply chain under three different channel structures. Xiao et al. [30] investigated the product variety and channel structure strategies of manufacturer by a retailer Stackelberg pricing model. They considered the case where the manufacturer needs to select either the "single indirect channel" or the "dual channels. " The aforementioned studies focused on a risk-neutral setting in which the chain members' objectives are to maximize expected profit or cost minimization. They ignored the decision makers' risk attitude.
As reviewed above, how the risk aversion of the manufacturer and the retailer, respectively, affects the players' price and quality decisions in MS and RS channel strategies is not yet fully known. In addition, it is important to know the different degree of effects of players' risk aversion on equilibrium results. To the best of our knowledge, the above important research issues have not yet been explored in the literature. Addressing these research questions, hence, outlines the contribution of this paper.
Model Description
Consider a two-echelon supply chain consisting of one risk-averse manufacturer and one risk-averse retailer facing uncertain demands. The manufacturer sells his products to consumers through the retailer. We discuss price and quality decisions of the two risk-averse decision makers in different models: manufacturer Stackelberg model (MS) and retailer Stackelberg model (RS).
We have the following notations:
: the stochastic market base for the retailer with mean , variance 2 ;
: the unit production cost of the manufacturer, ≥ > 0;
: the demand sensitivity to the retail price;
: the demand sensitivity to the quality of the product;
: the retail price of the product;
: the quality level of the product;
: the wholesale price of the product;
: the quality cost coefficient.
Similar to the prior literature [8, 31] , we assume that the demand function is =̃− + .
(
Here we assume the demand is more sensitive to price than to quality; that is, > . Furthermore, we assume that when the manufacturer provides a quality level , similar to [32, 33] , the quality cost of the manufacturer is (1/2) 2 , which assures that the profit function is concave on ; that is, improving quality has a decreasing return on quality expenditure [8] . The larger the coefficient , the lower the quality improvement efficiency (1/ ) of the manufacturer.
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The unit production cost of the retailer is normalized to zero, which will have no influence on our results. Each player has perfect information of the demand and the cost structures when there is no collusion or cooperation. For the sake of simplicity, we assume > . This assumption, which is similar to the ones made by Appelbaum and Lim [34] and by Spencer and Brander [35] , implies that, for every realization of demand, there exists a nonzero quantity of output for which the market clearing price is greater than the marginal cost of production [32] . This assumption allows us to avoid consideration of situations in which the retailer optimally responds to low realizations of demand by selling nothing.
Note that, in the model of demand function, the manufacturer can influence the demand by setting the wholesale price and the quality improvement [36] . Meanwhile, the retailer can independently influence the retail price of the product.
Then, the random profit of the manufacturer is
The random profit of the retailer is
Considering the risk aversion of the manufacturer and the retailer, similar to Xiao and Yang [4] and Xie et al. [13] , we assume that each player assesses his utility via the following mean-variance value function of his random profit:
where the first term is the expected profit of the player, the second term is the risk cost of the player, and is the constant absolute risk aversion (CARA) of the player. The larger the player's risk aversion is, the more conservative his behavior will be. Obviously, the player will make a trade-off between the mean and the variance of his random profit. With the equation above, we can then study the impact of risk aversion on price and quality decisions in different models.
Equilibrium Decisions under Different Supply Chain Structures
In this section, we explore price and quality decisions in two different models, that is, manufacturer Stackelberg model (MS) and retailer Stackelberg model (RS). In the MS and RS models, the manufacturer and the retailer make their own decisions to maximize their individual utilities.
According to (2) , (3), and (4), we can express and derive the utility function of the manufacturer and the retailer as follows:
Next, based on the general models, the equilibrium results of the decision variables will be provided and the impact of risk aversion of the players on equilibrium decisions will be examined in different models.
Manufacturer Stackelberg Model.
In the case of manufacturer Stackelberg model, the manufacturer, as the Stackelberg leader, determines simultaneously the wholesale price and quality in the first step. The retailer observes the decisions made by the manufacturer and makes his response to set his optimal retail price as the follower.
In order to determine the Stackelberg equilibrium by backward induction, we first solve the retailer's optimal problem when the manufacturer's decision variables and are given:
Since 2 (Π )/ 2 = −2 − 2 < 0, the utility function is strictly concave in retail price.
Solving the first-order condition of (6), we find that the optimal retail price is * = + (
Using the retailer's reaction function, we can derive the manufacturer's optimal wholesale price and quality. This is carried out by maximizing the manufacturer's utilities shown in (8) , given * in (7) Max
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Hessian matrix of
The utility function (Π ) is a concave function on ( , ) if and only if Hessian matrix is negative definite. Definê1
. Solving the first-order condition of (8), we derive the following proposition. Proofs of all propositions are given in Appendix A. Proposition 1. If >̂1, then the optimal wholesale price and quality of the product are * = + ( − ) (
and the optimal retail price is
In Proposition 1, the condition >̂1 assures that the solution satisfying the first-order condition of (Π ) is optimal. The condition >̂1 means that the quality investment should not be too inexpensive, which is consistent with those made in Tsay and Agrawal [37] , Gilbert and Cvsa [32] , and Xiao and Yang [4] .
Next, we study the effect of risk aversion on equilibrium decisions in MS scenario. Solving the first-order conditions of MS * , MS * , and MS * , we derive the following.
Proposition 2.
In a MS strategy, we have the following.
( Proposition 2 implies the following, in a strategy of MS.
(1) The higher the risk aversion of the manufacturer is, the lower the wholesale price, quality, and retail price will be. The reason is that when the manufacturer becomes more risk averse, the manufacturer will prefer lowering the wholesale price to stimulate a higher demand and lowering the quality level to save the investment cost. Meanwhile, for the retailer, the wholesale price is lower; the retailer can set a lower price. Thus, the demand will increase such that the risk of demand uncertainty for the manufacturer decreases. Otherwise, the lower the risk aversion of the manufacturer is, the higher the wholesale price, quality, and retail price will be. A risk-averse manufacturer sets a lower wholesale price and quality than those of a risk-neutral manufacturer.
(2) The lower the risk aversion of the retailer is, the higher the retail price will be while the lower the wholesale price and quality will be. The reason is that when the risk aversion of the retailer decreases, the retailer, who is less risk averse, will set a higher retail price. As a result, the demand of the product will decrease. Since the manufacturer is a riskaverse decision maker, the expected decreased demand will induce the manufacturer to lower wholesale price to spur the demand and lower the quality level to save investment cost. This in turn creates more demand; as a result, the risk of demand uncertainty for the manufacturer decreases. Otherwise, the higher the risk aversion of the retailer is, the lower the retail price will be while the higher the wholesale price and quality will be. A risk-averse retailer sets a lower price than that of a risk-neutral retailer.
(3) The retailer may reveal lower risk aversion than his real risk aversion so that he will pay a lower wholesale price and gain more utilities, which will hurt the manufacturer's interests. Since the retailer has incentives to reveal false risk aversion information, the manufacturer should design mechanisms to induce him to reveal actual information in MS strategy.
(4) The wholesale price and quality are mutually complementary, that is, a "high quality and high price" pricing strategy [37] .
Proposition 3.
In a MS strategy, the optimal decisions, including the wholesale price, quality, and the retail price, all decrease with the quality cost coefficient; namely, * / < 0, * / < 0, and * / < 0.
When the quality cost coefficient increases, the quality investment becomes more expensive such that the manufacturer would like to undercut the quality improvement to save investment, and, meanwhile, lower the wholesale price. In that case, the retailer will set a lower retail price. Otherwise, the wholesale price, quality, and the retail price will be higher when the quality cost coefficient decreases.
Retailer Stackelberg Model.
In the case of retailer Stackelberg model, the retailer, as the Stackelberg leader, determines price markup (= − ) in the first step. The manufacturer observes the decision made by the retailer and makes his response to set his optimal wholesale price and quality as the follower. Similar game-theoretic framework as applied in the MS model is implemented to solve this problem; that is, the problem is solved backwards.
We first solve the manufacturer's optimal problem when the retailer's decision variable is given:
Hessian matrix of (Π ) is
The utility function (Π ) is a concave function on ( , ) if and only if Hessian matrix is negatively definited. Definê
. Solving the first-order condition of (12), we derive the optimal wholesale price and quality of the product if >̂2.
Using the manufacturer's reaction function, we can derive the optimal price markup. This is carried out by maximizing the utilities of the retailer shown in (16), given * in (14) and * in (15):
The second-order condition of (16) 2 (Π )/ 2 < 0. Therefore, the utility function (Π ) is strictly concave in price markup.
Solving the first-order condition of (16), we derive the optimal price markup:
Proposition 4. If >̂2, then the optimal wholesale price and quality of the product are
and the optimal retail price is * = * + * .
According to Proposition 4, we study the effect of and on the equilibrium decisions in RS model.
Proposition 5. In a RS strategy, consider the following.
( For the RS model, we can derive similar proposition and obtain similar observations. The only difference between RS model and MS model is that in MS model the retailer may conceal his real risk aversion while in RS model the manufacturer may do that. Since the manufacturer makes his decision after the retailer, he may have an incentive to conceal his real risk aversion and report a more beneficial risk aversion to gain more utilities. Therefore, the retailer should design mechanisms to induce the manufacturer to reveal actual information in a RS strategy.
Proposition 6. In a RS strategy, the optimal decisions, including the wholesale price, quality, and the retail price, all decrease with the quality cost coefficient; namely,
* / < 0, * / < 0, and * / < 0.
Similar to Proposition 3, the quality cost coefficient in RS has the same effect on the equilibrium wholesale price, quality, and retail price as that in MS.
Numerical Study
We use several numerical examples to illustrate and verify the effects of risk aversion on players' equilibrium decisions and to compare the equilibrium results in the two models. We assume the default values of parameters are as follows:
= 500, = 10, = 8, = 3, = 100, and = 60. When examining the impact of ( ) on the equilibrium decisions, we allow ( ) to vary in the range of [0, 1] and set ( ) as a constant, ( ) = 0.02. Figures 1-3 illustrate how the optimal wholesale price, quality, and retail price depend on the risk aversion of the manufacturer. From Figures 1-3 , we find that the optimal wholesale price, quality, and retail price all decrease with the risk aversion of the manufacturer in MS and RS models. When the manufacturer behaves more risk-aversely while facing demand uncertainty, he would like to undercut wholesale price and lower quality level to save investment such that the retailer would like to lower the retail price to attract more customers. Figure 4 illustrates the effects of the risk aversion of the manufacturer on demand. From Figure 4 , we find that the demand increases with in MS and RS models, which is caused by the decreasing price. Figures 5-7 illustrate the effects of the risk aversion of the manufacturer on the utilities of the manufacturer, the utilities of the retailer, and the total utilities of the supply chain, respectively. The utilities of the manufacturer decrease with while the utilities of the retailer increase with . This implies that when the manufacturer is more conservative, the utilities of the manufacturer will decrease while the utilities of the retailer will increase. Since the effect of on utilities of the retailer is much smaller than that on utilities of the manufacturer, the total utilities of the supply chain decrease with .
The Effects of on Equilibrium Results

The Effects of on Optimal Decisions.
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The Effects of on Demand and Utility.
The Effects of on Equilibrium Results
The Effects of
on Optimal Decisions. Figures 8-10 illustrate how the optimal wholesale price, quality, and retail price depend on the risk aversion of the retailer. From Figures  8 and 9 , we find that as the risk aversion of the retailer increases, the manufacturer sets a higher wholesale price and a higher quality in MS and RS. Figure 10 shows that the optimal retail price decreases with in the two models, which indicates that a retailer with higher risk aversion tends to set a lower price.
on Demand and Utility. Figure 11 illustrates the effects of risk aversion of the retailer on demand. From Figure 11 , we find that the demand increases with in MS and RS models, which is caused by the decreasing price. Figures 12-14 illustrate the effects of the risk aversion of the retailer on the utilities of the manufacturer, the utilities of the retailer, and the total utilities of the supply chain, respectively. The utilities of the manufacturer increase with while the utilities of the retailer decrease with . This implies that when the retailer is more conservative, the utilities of the retailer will become less while the utilities of the manufacturer will become more. Since the effect of on utilities of the retailer is much larger than that on utilities of the manufacturer, the total utilities of the supply chain decrease with . 
Comparison
Comparison of Equilibrium Results in Different Supply
Chain Strategies. Since the equilibrium results are complicated, it is analytically intractable to compare them in different models for managerial insights. We now compare the optimal decisions, demand, and utilities shown in our numerical study, though we have no mathematical proof on hand.
We firstly compare the optimal decisions in the two models. From Figures 1 and 8 , we find that the wholesale price in MS is higher than that in RS; that is, MS * > RS * . Moreover, although the wholesale price is affected by the risk aversion of both the manufacturer and the retailer, the impact of the risk aversion of the manufacturer is more dramatic. From Figures 2 and 9 , we know that RS * > MS * . The manufacturer, as the leader, would like to set higher price and lower quality in MS model than in RS model. We also find that the effect of on quality is much larger than that of and the effect of on the product quality is very small. We find that MS * > RS * in Figure 3 while RS * > MS * in Figure 10 , which indicates that the difference between MS * and RS * varies with the value of and . Besides, we find that and have comparable effects on the retail price in MS and RS models. From Figures 4 and 11 , we find that the difference between MS * and RS * is also uncertain and varies with the value of and . From Figures 5, 6 , 12, and 13, the utilities of the manufacturer are higher in MS than in RS while the utilities of the retailer are higher in RS than in MS, which indicates that the player who acts as a leader can gain more utilities. The risk aversion of the manufacturer has a greater impact on the utilities of the manufacturer than the risk aversion of the retailer, whereas the risk aversion of the retailer has a greater impact on the utilities of the retailer than the risk aversion of the manufacturer. Figures 7 and 14 show that the difference between MS * and RS * is very small and is hardly influenced by the risk aversion of the manufacturer and retailer. Besides, we find that and have comparable effects on the total utilities in MS and RS models.
Comparison with the Original Model.
We compare the analysis results above with those obtained in Xie et al. [13] that used the similar models. For convenience, we use the expression of upstream and downstream to describe the firms. We obtain the same effects of risk aversion of the downstream on the equilibrium results as Xie et al. [13] , except for the impacts on the wholesale price and quality. However, we obtain some new results. Firstly, we find that the wholesale price and quality both increase with the risk aversion of the downstream in the two models. Secondly, our results show that the risk aversion of the upstream has major impact on the optimal wholesale price, retail price, and quality decisions. However, Xie et al. [13] derived that the retail price and quality are not related to the risk aversion of the upstream firm. Moreover, we derive the impact of risk aversion of the upstream on demand and utilities of the players. Thirdly, we illustrate the different degree of effects of risk aversion of the upstream and downstream on equilibrium results. The wholesale price and quality decisions are mainly influenced by the risk aversion of the upstream. In addition, the risk aversion of the upstream and downstream has comparable effects on the retail price, demand, and total utilities in the two models. Last but not least, unlike Xie et al. [13] , in our model, the utility of the upstream firm will not become negative as the downstream firm becomes less risk averse. 
Conclusion
This paper addresses optimal price and quality decisions in a manufacturer-retailer supply chain under demand uncertainty, where both players are risk averse. We adopt a model recently published by Xie et al. [13] and introduce the wholesale price as a new decision variable. This modification of the original model enables us to abandon the restrictive assumption of constant wholesale price previously used in decentralized equilibriums. Thus, we propose some new interesting managerial implications in such a case.
Our results imply that risk aversion of both the manufacturer and the retailer has significant effects on the price and quality decisions, whereas the results from the original model predict that only the risk tolerance of the downstream affects the equilibrium results. We find that, in general, in MS and RS models, the optimal wholesale price, quality, and retail price of the product all decrease with the risk aversion of the manufacturer. Additionally, both the wholesale price and quality increase with the risk aversion of the retailer, while the retail price decreases with the risk aversion of the retailer. This paper suggests that the wholesale price, quality, and retail price all decrease with the quality cost coefficient. The numerical study indicates that the utilities of the manufacturer as well as the retailer decrease with his own risk aversion but increase with the other member's risk aversion. Moreover, the total utilities of the supply chain decrease with both the players' risk aversion. Our results show that the manufacturer and the retailer can take advantage of channel leadership to gain more utility. In addition, the two players' risk aversion has different degree of effects on the equilibrium results. The risk aversion of the manufacturer has a greater impact on quality, wholesale price, and utilities of the manufacturer than that of the retailer, while the risk aversion of the retailer has a greater impact on utilities of the retailer than that of the manufacturer. Moreover, it is interesting that their risk aversion has comparable effects on the retail price, demand, and the total utilities. Consequently, the firm should not ignore the impact of risk aversion of his upstream or downstream on the optimal decisions.
There are several directions for future research. Firstly, we assume a linear demand function extending this model by changing the demand function may yield some more interesting results. Secondly, instead of assuming that the supply chain consists of only one manufacturer and one retailer in this paper, we will allow two competing supply chains or multiple competing retailers to investigate the effect of the risk aversion of the rival on price and quality decisions in the future. Finally, this paper assumes that the risk aversion of players is common knowledge; it will be interesting to consider a system with asymmetric information.
Appendices
A. Proof of Proposition 1
Since 2 (Π )/ 2 = −2 − 2 < 0, the utility function is strictly concave in retail price. Solving the first-order condition of (Π ), we find that the optimal retail price is * = + (
Inserting (A.1) into the manufacturer's utilities, we obtain
The utility function (Π ) is a concave function on ( , ) if and only if Hessian matrix is negatively definited.
2 )]. The first-order conditions of (Π ) are 
Inserting them into (A.1), we obtain the optimal retail price:
B. Proof of Proposition 2
Part (1): by taking the first-order conditions of MS * , MS * , and MS * with respect to , respectively, we get
We have − > 0, so MS * / < 0, MS * / < 0, and MS * / < 0. Part (2): by taking the first-order conditions of MS * , MS * , and MS * with respect to , respectively, we get
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We have − > 0, so MS * / > 0 and MS * / > 0. When = 0 and = 0, the manufacturer and the retailer are all risk-neutral decision makers. Their wholesale price is 0 = (2 ( + ) − 2 )/(4 − 2 ) and the retail price is 0 = ( (3 + )− 2 )/(4 − 2 ). As 0 − 0 = ( − )/(4 − 2 ) > 0 and − > 0, there is 4 − 2 > 0. With all other conditions being equal, the increase of production cost results in a rise in prices. So 0 / = (2 − 2 )/(4 − 2 ) > 0, 0 / = ( − 2 )/(4 − 2 ) > 0. Therefore, we have − 2 > 0 and MS * / < 0. The condition − 2 > 0 assures that the utility function is concave in the quality improvement, which means that it not be too cheap to improve quality.
C. Proof of Proposition 3
By taking the first-order conditions of MS * , MS * , and .
(C.1)
From − > 0, we have MS * / < 0, MS * / < 0, and MS * / < 0.
D. Proof of Proposition 4
Hessian matrix of (Π ) is 
E. Proof of Proposition 5
Part (1) 
F. Proof of Proposition 6
We solve the first-order conditions of RS * , RS * , and 
